n-and p-channel poly-Si thin-film transistors with fully Ni-self-aligned silicided ͑fully Ni-salicided͒ source/drain ͑S/D͒ and gate structure ͑n-and p-channel FUSA-TFTs͒ have been successfully fabricated on a 40 nm thick channel layer. The conventional poly-Si gate is replaced by the fully Ni-silicided gate, and the parasitic S/D resistance of the FUSA-TFTs is significantly reduced by the fully Ni-silicided S/D structure. The fully Ni-salicidation process is executed at a low temperature of 500°C for a short rapid thermal annealing time. Experimental results show that the FUSA-TFTs give increased on/off current ratio, improved subthreshold characteristics, less threshold voltage roll-off, lower parasitic S/D resistance, higher gate capacitance, and larger field-effect mobility than conventional TFTs. The FUSA-TFTs effectively suppress the floating-body effect and parasitic bipolar junction transistor action. The characteristics of the FUSA-TFTs are suitable for three-dimensional integration applications and high performance driver circuits in the active-matrix liquid crystal displays. Polycrystalline silicon thin-film transistors ͑poly-Si TFTs͒ have been widely used in many potential applications including threedimensional ͑3D͒ integration high density flash memories, pixel driving elements in active-matrix organic light emitting diodes and integrated peripheral driving circuits, and addressing elements of active-matrix liquid crystal displays ͑AMLCDs͒.
Polycrystalline silicon thin-film transistors ͑poly-Si TFTs͒ have been widely used in many potential applications including threedimensional ͑3D͒ integration high density flash memories, pixel driving elements in active-matrix organic light emitting diodes and integrated peripheral driving circuits, and addressing elements of active-matrix liquid crystal displays ͑AMLCDs͒. [1] [2] [3] [4] However, the output characteristics exhibit an anomalous increase in current in the saturation regime, often called the "kink" effect by analogy with silicon-on-insulator ͑SOI͒ devices. [5] [6] [7] This phenomenon can be attributed to the floating-body effect 8 and avalanche multiplication enhanced by grain boundary traps, 6 particularly in n-channel TFTs. With increasing drain voltage, the added drain current enhances impact ionization and the parasitic bipolar junction transistor ͑BJT͒ effect, which leads to a premature breakdown in return. 8 In the floating-body thin-film devices, the improved parasitic BJT effect can be achieved by using deep salicidation and a fully silicided source/drain ͑S/D͒ structure. 9, 10 Due to low hole field-effect mobility, p-channel TFTs have a lower on-state current than n-channel TFTs. Nevertheless, p-channel TFTs have advantages, such as a lower off-state leakage current, slighter floating-body and kink effects, a weaker drain impact ionization, and a higher hot carrier reliability. In addition, thin-channel poly-Si TFTs have better device characteristics such as a small leakage current and a suppressed floating-body effect than thick-channel poly-Si TFTs. 11 However, a thin-channel film also leads to increased parasitic S/D resistance. Parasitic S/D resistances become an increasingly serious issue for thin-channel poly-Si TFTs and SOI devices. Several methods such as self-aligned silicide, selective tungsten-clad and metal-replaced junction technology have been proposed to reduce parasitic S/D resistance in thin-channel SOI devices and poly-Si TFTs. [12] [13] [14] [15] Silicided and metal gates have a higher capacitance than poly-Si gates due to the elimination of poly-Si depletion. [16] [17] [18] Fieldeffect mobility and on-state current in such gates can be improved by reducing parasitic S/D resistance and increasing gate capacitance. 14, 15 In this paper, n-and p-channel poly-Si thin-film transistors with fully Ni-self-aligned silicided ͑fully Ni-salicided͒ S/D and gate structure ͑n-and p-channel FUSA-TFTs͒, whose S/D and gate poly-Si layers are completely silicided with Ni, have been successfully fabricated on a 40 nm thick channel layer. 19, 20 The low resistance fully Ni-salicided S/D and gate permits a significant recovery of the intrinsic characteristics of thin-channel TFTs. We also find that the floating-body and parasitic BJT effects can be significantly suppressed by FUSA-TFTs. Figure 1 shows the main fabrication process steps of FUSATFTs. First, a 40 nm amorphous silicon ͑a-Si͒ layer was deposited by low pressure chemical vapor deposition ͑LPCVD͒ at 550°C on oxidized silicon wafers. The a-Si layer was then crystallized by solid-phase crystallization at 600°C for 24 h. After the patterning of the active region, a 50 nm tetraethoxysilane ͑TEOS͒ gate oxide layer was deposited by LPCVD. Next, a 50 nm a-Si gate layer, along with a 100 nm Si 3 N 4 layer as the hard mask, was deposited by LPCVD. Then, the a-Si gate layer was crystallized into poly-Si after the deposition of a Si 3 N 4 hard mask layer at 780°C for 1 h.
Experimental
The a-Si gate layers were divided into in situ n + phosphorusdoped or undoped gates in n-channel FUSA-TFTs. The a-Si gate layer was an undoped gate in p-channel FUSA-TFTs. Due to experimental equipment limitations, p-channel FUSA-TFTs with in situ p + boron-doped gates were not fabricated in our experiments.
After defining the gate electrode, self-aligned S/D implantation was used to form the n + /p + with P + /BF 2 + to dose 5 ϫ 10 15 cm −2 for n-/p-channel ͑Fig. 1a͒. Dopants were activated by rapid thermal annealing ͑RTA͒ at 600°C for 120 s for short channel FUSA-TFTs. A 150 nm TEOS oxide was deposited and etched to form the sidewall spacer. The Si 3 N 4 hard mask layer was then selectively etched in a hot phosphoric acid bath ͑Fig. 1b͒. A Ni film of about 40 nm was deposited by sputtering, and then a fully Ni-salicided process was carried out at 500°C for 60 s by a one-step RTA in the N 2 ambient. The fully Ni-silicided S/D and gate structure was formed by the fully Ni-salicided process ͑Fig. 1c͒. In addition, we used thin Ni film ͑about 15 nm͒ to form partially salicided n-channel TFTs with in situ doped gates. The V th differences between partially salicided n-channel TFTs and n-channel FUSA-TFTs with in situ doped gates are also studied in this paper.
Conventional devices with self-aligned n + S/D and without Nisalicidation were also fabricated to serve as controls. After the contact and metallization processes, NH 3 plasma treatments were implemented after sintering at 400°C for 30 min. Plasma treatment has long been used in TFT devices. A suitable plasma treatment can improve the electrical characteristics of TFT devices due to the generation of H atoms in NH 3 plasma, which effectively passivates defects in poly-Si TFTs. 21, 22 The sintering process has also long been used in the fabrication of semiconductor devices for reducing the contact resistance between the metal and the semiconductor. Sintering was performed in atmospheric pressure N 2 ambient diluted z E-mail: kuopoyi.ee91g@gmail.com with 5% H 2 . The H atoms generated during the sintering process passivate the defects in the metal/semiconductor interface.
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Results and Discussion
FUSA process.-Cross-sectional transmission electron microscopy ͑TEM͒ micrographs of FUSA-TFTs are shown in Fig. 2 . The gate and S/D of FUSA-TFTs were fully Ni-salicided. In our study, we used a sufficiently thick Ni film ͑about 40 nm͒ to achieve fully Ni-salicided TFTs. According to the volume ratio of Ni-silicidation, a typical 30-40 nm thick Ni film can completely convert the 50 nm thick poly-Si to fully Ni-silicided. To ensure a fully Ni-salicided S/D and gate, we chose a 40 nm thick Ni film and a one-step RTA at 500°C for 60 s. To form fully Ni-salicided TFTs, the duration of RTA must be adequate. The key factor in the process is the balance between the TEOS spacer length and the RTA conditions. When the TEOS spacer length is longer than the lateral diffusion length of the Ni-silicidation, S/D n + or p + junction can be left to avoid the formation of the Schottky barrier junction. When the Ni-silicided edge is too close to the S/D n + or p + junction edge, due to an inappropriate high temperature and an overly long RTA process, an abnormally high off-state leakage current ͑I off ͒ and gate-induced-drain leakage ͑GIDL͒-like current occur. 24, 25 n-Channel FUSA-TFTs.-The measured transfer characteristics and field-effect mobility of the n-channel conventional and the n-channel FUSA-TFTs with W/L = 10/0.8 m are shown in Fig. 3 and 4, respectively. The on-state currents and field-effect mobility in the FUSA-TFTs are higher than those of the conventional TFTs, while the off-state leakage currents of the FUSA-TFTs are lower than those of the conventional TFTs. The on-state currents are significantly degraded by the parasitic S/D resistance in short channel conventional TFTs. The field-effect mobility plotted in Fig. 4 is obtained from the channel conductance at V D = 0.5 V. For conventional TFTs with a short gate length of 0.8 m, the field-effect mobility is seriously decreased when gate voltage V G Ͼ 2.5 V, but this effect is not found in short channel FUSA-TFTs. The high fieldeffect mobility of FUSA-TFTs can be maintained with large gate 
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voltages. This improvement is due to the fully Ni-salicided S/D and gate structure, which has a smaller parasitic S/D resistance, higher capacitance, and better scalability than conventional TFTs with poly-Si gates. 15 The superiority of the FUSA-TFTs may also be found in the subthreshold swing ͑SS͒. We believe that this is due to the higher gate capacitance in the FUSA-TFTs.
The measured output characteristics of the n-channel conventional and the n-channel FUSA-TFTs with W/L = 10/0.8 m are shown in Fig. 5 . Under a high drain voltage, the strong drain impact ionization causes a profound kink effect and induced parasitic BJT action, which results in decreased drain breakdown voltage due to the floating-body effect in conventional TFTs. [26] [27] [28] [29] Silicidation is a well-known method for suppressing the floating-body effect because the silicide layer near the S/D junction works as a sink and an effective lifetime killer for holes. To demonstrate that parasitic S/D resistance can be greatly reduced by the fully Ni-salicided process, the parasitic resistance R P of ͑a͒ n-channel FUSA-TFTs with in situ doped gates, ͑b͒ n-channel FUSA-TFTs with undoped gates, and ͑c͒ n-channel conventional TFTs, in the linear region, is extracted by plotting the measured on-state resistance ͑R on ͒ vs gate length ͑L G ͒, as shown in Fig. 7 . The relationship between R on and L across different gate biases may be expressed by several straight lines that extend to merge at a characteristic length L O representing the accumulation channel in the LDD ͑and S/D͒ area and having a residual value of gate-voltageindependent parasitic resistance R P . 12 The R P of FUSA-TFTs with an in situ doped gate and an undoped gate is roughly 437 and 372 ⍀, respectively. The L O of FUSA-TFTs with either in situ doped gate or undoped gate is close to 0 m. The R P of conventional TFTs is extracted by the same method and is about 5.78 k⍀. Therefore, the on-state currents and field-effect mobility are greatly improved by reducing R P in the n-channel FUSA-TFTs. Figure 8 displays the on/off current ratio ͑I on /I off ͒ of the n-channel conventional and the n-channel FUSA-TFTs with W = 10 m. The on-state current is defined as the drain current ͑I D ͒ at V G = 10.0 V, V D = 3.0 V, and the off-state current is defined as the minimum drain current ͑I min ͒ at V D = 3.0 V. The I on /I off ͑10 8 -10 9 ͒ can be increased by scaling down the gate length in FUSA-TFTs. Because the V th of FUSA-TFTs with in situ doped gates is smaller than the V th of FUSA-TFTs with undoped gates, the I on /I off of FUSA-TFTs with in situ doped gates is larger than the I on /I off of FUSA-TFTs with undoped gates. The I on /I off ͑10 6 -10 7 ͒ of conventional TFTs becomes limited as the gate length is scaled down. The enhancement of off-state leakage currents is observed in short channel conventional TFTs. The off-state leakage currents of the conventional TFTs increase as the gate length is scaled down. The enhanced off-state leakage current is due to the amplification of GIDL currents caused by floating-body and parasitic BJT effects in short channel devices. 30 Because the FUSA-TFTs effectively suppress the floating-body effect, the enhancement of GIDL currents can be eliminated in short channel devices. Figure 9 shows the extracted threshold voltage V th of the n-channel conventional and the n-channel FUSA-TFTs for different gate lengths ͑defined as I D = W/L ϫ 100 nA at V D = 0.5 V͒. The roll-off of V th is greatly improved in FUSA-TFTs. With this fully Ni-salicided structure, floating-body and parasitic BJT effects can be suppressed, resulting in a stable V th and a lower off-state leakage current in the FUSA-TFTs. 31 ,32 Figure 9 also shows the V th difference between the FUSA-TFTs with an in situ n + doped gate and the FUSA-TFTs with an undoped gate. The V th difference is observed with additional P + dopants in the FUSA-TFTs with an in situ n + doped gate. The fully Ni-silicided process induced segregation of the impurities from poly-Si to the silicide interface leads to a submonolayer segregation of the dopants, causing a change in the apparent NiSi work function shift. 16, 33 Further, we also used thin Ni film ͑about 15 nm͒ to form partially salicided TFTs with in situ doped gates. The partially salicided TFTs were formed by RTA at 550°C for 30 sec. Figure 10 displays the extracted V th roll-off of the n-channel FUSA-TFTs with in situ doped gates and n-channel partially salicided TFTs with in situ doped gates. The n-channel FUSA-TFTs with an in situ doped gate have a more positive V th than the partially salicided TFTs. We also found that short channel ͑L G = 1-0.8 m͒ partially salicided TFTs display a reverse V th change approximately equal to the V th of the short channel FUSA-TFTs. This result indicates that a shorter RTA time is required to achieve the fully Ni-silicided gate in short channel poly-Si TFTs, compared to long channel poly-Si TFTs. If we use a thinner Ni film to achieve the fully Ni-salicided TFTs, we need a Fig. 11 and 12, respectively. In short channel p-channel TFTs, the on-state currents and field-effect mobility of the FUSA-TFTs are higher than in the conventional TFTs, while the off-state leakage currents of FUSA-TFTs are slightly lower than in the conventional TFTs. The improvement in the electrical characteristics of the p-channel FUSA-TFTs is similar to that seen in the n-channel FUSA-TFTs, except for the improvement in off-state leakage currents. The onstate currents are significantly limited by the parasitic S/D resistance in short channel conventional TFTs. For the conventional TFTs with a short gate length of 0.8 m, the field-effect mobility is seriously degraded when gate voltage V G Ͼ −9.0 V, but this effect is not seen in short channel FUSA-TFTs. The high field-effect mobility of p-channel FUSA-TFTs is due to the fully Ni-salicided S/D and gate Figure 7 . ͑Color online͒ The parasitic resistance R P of ͑a͒ n-channel FUSATFTs with in situ doped gate, ͑b͒ n-channel FUSA-TFTs with undoped gate, and ͑c͒ n-channel conventional TFTs, in the linear region, is extracted by plotting the measured on-state resistance ͑R on ͒ vs gate length ͑L G ͒. 
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Journal of The Electrochemical Society, 157 ͑1͒ H113-H119 ͑2010͒ H116 structure, which offers a smaller parasitic S/D resistance, higher capacitance, and better scalability than the conventional TFTs with poly-Si gates. 16 The p-channel FUSA-TFTs also show improved subthreshold characteristics.
The measured output characteristics of the p-channel conventional and the p-channel FUSA-TFTs with W/L = 10/0.8 m are shown in Fig. 13 . Obviously FUSA-TFTs exhibit larger driving currents than conventional TFTs in short channel devices. The high driving currents of the FUSA-TFTs can be attributed to the fully Ni-salicided S/D and gate structure. The short channel FUSA-TFTs have more saturated output characteristics and increased drain breakdown voltage than the conventional TFTs. These findings provide strong evidence that parasitic BJT effects in p-channel TFTs are significantly suppressed by the fully silicided S/D structure. 10 The parasitic resistance R P of ͑a͒ p-channel FUSA-TFTs with undoped gates and ͑b͒ p-channel conventional TFTs, in the linear region, is extracted by plotting the measured on-state resistance ͑R on ͒ vs gate length ͑L G ͒, as shown in Fig. 14. The R P of FUSATFTs with undoped gates is about 387 ⍀, while their L O is close to 0 m. The R P of conventional TFTs is about 8.8 k⍀. Therefore, the on-state currents and field-effect mobility are significantly improved by reducing R P in the p-channel FUSA-TFTs. Figure 15 displays the on/off current ratio ͑I on /I off ͒ of the p-channel conventional and the p-channel FUSA-TFTs with W = 10 m. The on-state current is defined as drain current ͑I D ͒ at V G = −15.0 V, V D = −3.0 V, and the off-state current is defined as minimum drain current ͑I min ͒ at V D = −3.0 V. The I on /I off ͑10 8 -10 9 ͒ can be increased when the gate length in FUSA-TFTs is reduced. Unlike n-channel conventional TFTs, the I on /I off ͑10 7 -10 8 ͒ of p-channel conventional TFTs increases as gate length is scaled down. The enhancement of off-state leakage currents is not observed in short channel p-channel conventional TFTs due to the weak drain impact ionization and a slight floating-body effect. due to the improved SS of the FUSA-TFTs. We believe that the stable V th and the improved SS of the p-channel FUSA-TFTs result from the fully Ni-salicided S/D and gate structure.
Conclusions
We have developed n-and p-channel FUSA-TFTs. In n-channel TFTs, the FUSA-TFTs show reduced kink effect, increased drain breakdown voltage, stable V th roll-off, improved SS, lower parasitic S/D resistance, higher field-effect mobility, and increased on/off current ratio compared to conventional TFTs. The p-channel FUSATFTs were also fabricated with improved device performance. The parasitic resistance of S/D and gate is greatly reduced, making it possible to recover the intrinsic characteristics of thin-channel TFTs. In this paper, FUSA-TFTs with low thermal budget fully Nisalicided processes are shown to be a very promising structure with low parasitic S/D resistance and high gate capacitance ability, suitable for 3D integration applications and high-performance driver circuits in the AMLCDs. 
